Introduction
Fusaria are filamentous fungi that occur as saprophytic organisms in soil (Nelson et al., 1994) and are opportunistic pathogens of plants, animals and humans (Evans et al., 2004) . This genus includes more than 50 species with the ability to produce mycotoxins (Afsah-Hejri et al., 2013) . Fusarium mycotoxins contaminate most agricultural commodities and cause fusariosis in humans and animals affecting the liver, kidneys, lungs and the heart (Antonissen et al., 2014; Nordkvist and Häggblom, 2014) . Persistent infection may lead to mortality (Eleni and Anaissie, 1997; Peska and Smolinski, 2005) . Fusarium infections, such as keratitis, are gradually becoming an epidemic worldwide in immunocompromised individuals (Scheel et al., 2013) . It has been estimated that microbial biofilms are responsible for 60-80% of infections in developing countries and that these biofilms contribute to the development of pathogen resistance to antibiotics (Saviuc et al., 2009) .
Diverse classes of microorganisms, including fungi, yeasts, bacteria, algae, protozoa and viruses, are capable of forming biofilms (Harding et al., 2009; Lindsay and Holy, 2006) . Biofilms are defined as sessile communities of microbial cells that are irreversibly attached to surfaces (substrate or cell-cell adhesion). Their formation has a significant clinical implication due to their reduced susceptibility to antimicrobial agents when compared to their planktonic counterparts (Abdi-Ali et al., 2014; Dodds et al., 1999; Stewart and Costerton, 2001) . William et al. (1997) proved that Staphylococcus aureus biofilms on a silicone surface were ten times more resistant to the antibiotic, vancomycin, than the corresponding planktonic cells. The genus Fusarium is considered the most resistant to modern antifungal agents due to the production of biofilms (Guarro et al., 1999; Musiol et al., 2014) .
The use of contact lenses has been estimated at 125-140 million wearer's worldwide (Selan et al., 2009) . It is well established that the human eye is a suitable environment for microbial pathogens to flourish (Fong et al., 2004; Klotz et al., 2000) . Prolonged wearing or storage leads to an increasing number of microbia colonizing the conjunctiva and lid of the eye, ultimately resulting to infection of the cornea (Fong et al., 2004; Willcox et al., 2001) . Contact lens care solutions are formulated to kill a range of pathogens, including Gram-negative and Gram-positive bacteria, and even some fungi. Manufacturers of lens cleaners focus on the control of planktonic or single-cell microbes, and organisms responsible for microbial keratitis. However, demonstrating efficacy against biofilms is not considered as a criterion. Nonsteroidal anti-inflammatory drugs, including sodium salicylate have been reported to inhibit extracellular bacterial biofilm production mainly by Staphylococcus epidermidis and Pseudomonas aeruginosa (Bryers et al., 2006; Farber et al., 1995) . However, their use for cleaning of lenses and their storage containers remains limited and removal of the biofilm from contact lenses relies mainly on how often the disinfectant is replaced (Kilvington and Lonnen, 2009) . The solution to problems associated with contamination and resistance to antimicrobials lies in the discovery of new, affordable, efficacious antimicrobial compounds.
Plant-based medicinal essential oils (EOs) for example have been the focus of many studies aimed at identifying natural fungicides (Gurib-Fakim, 2006; Karamaouna et al., 2013; Lahlou, 2004) . They have been applied as flavourants and preservatives and are components of many cosmetics products (Koul et al., 2008) . Due to their antimicrobial activities against bacteria (Edris, 2007) , parasitic protozoa (Anthony et al., 2005; Boyom et al., 2003) , fungi (Kalemba and Kunicks, 2003) and viruses (Edris, 2007) , EOs are currently investigated widely for their pharmacological applications. Clove (Syzygium aromaticum) and thyme oil (Thymus vulgaris) and their volatiles have been reported to exhibit a broad spectrum of antimicrobial activities (antibiofilm properties) against planktonic micro-organisms (Al-Jiffri et al., 2011; Nzeako et al., 2006; Sandasi et al., 2010) .
This study investigated the use of EOs for their antimicrobial/ antibiofilm activity against Fusarium oxysporum species complex [FOSC] . Seven isolates, linked to outbreaks of keratitis in Pennsylvania, USA, were selected as test pathogens. Soft contact lenses were used as substrates for the formation of biofilms, since they are known to be associated with infections, which often result in corneal injury due to spore contamination. Since the aim of the study was to use EOs to develop a cleaning solution for contact lenses, the ability of the selected EOs were evaluated to control biofilm formation on soft contact lenses, without damaging the matrix.
Materials and methods

Pathogens
Fusarium isolates (D-2383, M-3125, O-1885, S-1187, S-1372, S-2067, R-9963) were kindly supplied by the Department of Plant Pathology (Pennsylvania State University). The identification of these isolates by Prof Geiser was based on distinctive characters, including the shapes and sizes of macro-and microconidia, the presence and absence of chlamydospores and pigmentation and growth rates on agar media. In addition, the polymerase chain reaction with restriction fragment length polymorphism (PCR-RFLP) of intergenic spacer (IGS) region (Geiser et al., 2004) was used to verify the identification. The freeze-dried isolates were subcultured and maintained on a potato dextrose agar (PDA, Merck, Johannesburg, RSA) slant. These cultures were subsequently revived on PDA plates at room temperature (25°C). Cultures were allowed to grow for 7-10 days to ensure spore formation. Sabouraud dextrose broth (2%, SDB; Difco Laboratories, Detroit, MI, USA), supplemented with chloramphenicol (250 mg/L of medium, Rolab (Pty), Johannesburg, South Africa) was used to maintain the pathogens. The sterilized supplemented media containing the Fusarium isolates were cultured for 40 h at 37°C in a shaking incubator. A hemocytometer was used to determine the concentration of the spore suspension (in triplicate). This was then standardized to 10 6 conidia/mL (Sun et al., 2010) .
Essential oils
Essential oil of Lippia scaberrima and two batches of Lippia rehmannii EO were obtained from Prof Combrinck (Department of Pharmaceutical Sciences, Tshwane University of Technology, Pretoria, RSA). Mentha spicata, Helichrysum splendidum, Cymbopogon citratus, T. vulgaris, S. aromaticum, Cinnamon zeylanicum and Cinnamomum camphora EOs were obtained from Holistic Emporium (Johannesburg, RSA). Pure compounds (R-(−)-carvone, S-(+)-carvone, eugenol, limonene, neral, citral, limonene and thymol) used in this experiment were purchased from Sigma-Aldrich (Pty) Ltd. (Johannesburg, RSA).
Gas chromatography analyses of essential oils
Each sample was diluted to 20% (v/v) with dichloromethane and analyzed using an Agilent 6890N gas chromatograph, coupled to a flame ionization detector (FID) and a 5973 Mass Spectrometer (Agilent Technologies, RSA), as described by Kamatou et al. (2012) . The identification of the compounds was carried out by comparing mass spectra and retention indices of authentic reference standards, as well as by using the National Institute of Standards and Technology (NIST), Mass Finder and Flavor data libraries.
In vitro antifungal activities of essential oils
Essential oils were screened in a toxic medium assay at concentrations of 100, 250, 500, 1000, 2000, 2500 and 3000 μL/L. A specific amount of EO was premixed with 200 μL of the surfactant Tween-80 (Polysorbate 80, Sigma-Aldrich, Johannesburg, RSA), prior to supplementation of sterilized PDA to yield the exact required concentration. Negative controls consisted of PDA plates containing surfactant, but without any supplementation, while ICA-Thiabendazole® 500SC (ICA International Chemicals (Pty) Ltd., Stellenbosch, RSA) served as the positive control. Ten replicates were prepared in 90 mm Petri dishes, whereafter a 5 mm agar plug of fungal mycelia was placed aseptically onto the center of each PDA plate. After 9 days incubation at 25°C, the mycelial growth (mm) was measured with a 150 mm digital caliper (Absolute Digimatic-Mitutoyo Corp. Japan). Data were expressed as percentage inhibition of mycelial growth relative to the control, according to the method described by Plaza et al. (2004) . Average values and standard deviations for replicate measurements were determined using Microsoft Office Excel 2010 Version 14.0. However, no tests were done to determine whether differences were significant or not, since the only criterion used to determine efficacy was total pathogen control.
Physical effects of oils on soft contact lenses
In this study, three concentrations (250, 100, 50 μL/L) of clove and thyme oil, previously mixed with 200 μL/L of a hydrophilic nonionic surfactant (Tween®-80, Sigma-Aldrich, Johannesburg, RSA), were amended to contact lens solution (Cooper Vision, UK). Approximately 2 mL of each mixture (volume necessary to cover the lens) was transferred directly onto the container containing the sterile contact lens. Damages on the lenses were visually assessed 1 h, 2 h, 3 h and 24 h after immersion. In addition, long term effects were established by soaking the lenses over a three month period.
Biofilm formation and inhibition
Soft contact lenses (Cooper Vision, UK) were used as an adhesion surface to cultivate biofilms (Sun et al., 2010) . The substrate was used to determine whether the Fusarium isolates have the ability to produce a biofilm on the synthetic surface. Contact lens containers (Sauflon Pharmaceuticals Ltd, UK) were used to hold the lenses. For attachment, 2 to 4 mL of the mycelium suspension in 2% SDB was transferred onto a lens, which was then incubated in a shaking incubator for 90 min at 37°C (attachment phase). After incubation, lenses were gently rinsed with phosphate buffered saline (PBS, Merck, Johannesburg, RSA) to remove all non-adherent cells. Sterile Sabouraud Dextrose Broth (2%) was used to enhance biofilm growth at 37°C for 48 h on a rocking platform. The formation of hyphae on the soft lens was confirmed by using the tetrazolium XTT [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5 carboxanilide] assay as described by Sun et al. (2010) .
Once the biofilm formation on contact lenses was confirmed for all the isolates, the same experiment was conducted to evaluate the antibiofilm property of each EO (thyme and clove) at a concentration of 50 μL/L, using only the isolate S-1187. This isolate was selected based on its ability to form a dense biofilm on contact lenses when compare to the other isolates tested. In this case, after attachment, lenses were gently rinsed with PBS to remove all non-adherent cells. Lenses inoculated with the isolate, but without any treatment, served as controls. Essential oil solutions were transferred onto the surfaces of biofilminfiltrated contact lenses and were incubated at 37°C for 48 h on a rocking platform (150-180 rpm). To assess the antibiofilm property of the oil, the architecture of biofilms formed on soft contact lenses was investigated using confocal scanning laser microscopy (CSLM). Calcofluor White (Sigma-Aldrich, USA) was used as a staining dye. Fluorescence was observed at a UV-excitation wavelength of 405 nm and emission wavelengths between 420-480 nm. The stain illuminates hyphae with a blue fluorescence by binding to cellulose and chitin residues of cell wall polysaccharides. The fluorescence dye (10-20 μL) was transferred onto each lens in a dark environment. After 3-5 min, the lens was gently rinsed with distilled, deionized water. Lenses were flattened by cutting at four edges. Stained biofilms were observed under the confocal scanning laser microscope (Imamura et al., 2008) .
Results and discussion
Characterization of essential oils
Since the compositions of EOs from a particular botanical or brand are known to be highly variable (Badi et al., 2004; Debabrata et al., 2014; Lohani et al., 2012) , chemical analysis of the oil is critical to ensure reproducible antifungal action. Gas chromatographic analysis of the oils used in this study indicated that the oils contained one or more of the following compounds in high concentrations: carvone, citral (a mixture of the isomers neral and geranial), 1,8-cineole, geranial and thymol. These constituents of EOs are known to have good antimicrobial properties towards various organisms (Zomorodian et al., 2013) . As expected, the essential oil of C. camphora ct. cineole selected for the study was found to comprise 50% 1,8-cineole and 14% limonene. Two known citral-rich essential oils, lemongrass and L. rehmannii were also used. The lemongrass EO was richer in citral (39% geranial, 31% neral), than the oil of L. rehmannii, which contained only 34.5% geranial and 20.2% neral. As previously reported by Linde et al. (2010) , the origin of L. rehmannii plants used for the extraction of the oil significantly affects the ratio of geranial/neral of the oil. Oils of H. splendidum, purchased from two suppliers (A = Holistic Emporium, Johannesburg RSA, B = Burgess and Finch, Cape Town RSA) contained 2.90% and 22.7% α-pinene, respectively. Significant variations in the volatile compositions and yields have been reported for oils obtained from different populations of H. splendidum (Mashigo et al., 2015) . In this study, spearmint oil yielded a higher concentration of carvone (77.9%) than L. scaberrima (43.8%). Of the eugenol-rich oils tested, clove EO was found to contain 82.3% eugenol, β-caryophyllene (11.0%), and α-humulene (2.19%) corresponding to the results of Viuda-Martos et al. (2007) , who reported 85% eugenol and 11% β-caryophyllene. Eugenol (12.8%) and β-caryophyllene (8.23%) were the main constituents of cinnamon essential oil. In this study, the essential oil of red thyme purchased from Holistic Emporium was characterized by a high content of thymol (45.2%), terpinen-4-ol (12.3%), γ-terpinene (8.81%) and cissabinene hydrate (8.05%), which is in accordance with the content reported by Viuda-Martos et al. (2007) and later by Grigore et al. (2010) . It is essential that an EO applied as a disinfectant for biofilm control should have a reasonably constant chemical composition that complies with a predetermined specification range. Most of the oils used in this study can be easily purchased in large quantities and are supplied with a certificate of analysis. These oils are characterized by a single principal active component. The selection was aimed at oils of which the antifungal activity could possibly be ascribed to the occurrence of the major compound.
In vitro antifungal activities of essential oils
A previous investigation by our research group concerning the in vitro effects of L. rehmannii, lemongrass EOs and citral against a range of fungal decay pathogens, including F. oxysporum from maize, indicated that the oils have the ability to totally inhibit fungal growth at concentrations above 3000 μL/L (Linde et al., 2010) . The study also revealed that lemongrass oil totally inhibited the growth of F. oxysporum at a concentration of 50 μL/L and L. rehmannii and citral at 20 μL/L. In our study, the concentration of 3000 μL/L was firstly selected for screening, to allow the most effective EOs to be identified. Of the 10 EOs tested, only spearmint, cinnamon, clove, lemongrass, L. rehmannii and thyme, were able to totally control the mycelial growth of the Fusarium isolate S-1187 (Table 1 ). An assessment of the antifungal properties of the major constituents of an EO in relation to that of the oil itself sheds light on the possible contribution of active principles. Of all the essential oils and pure compounds tested, thyme and clove EOs and eugenol, citral and thymol proved to have the best antifungal activities, with all causing total inhibition of fungal growth at 500 μL/L. The antimicrobial activity of the essential oils of thyme and clove could be associated with their major constituents, thymol and eugenol, respectively. These components have been reported to display antifungal properties (Burt, 2004; Kamatou et al., 2012; Krist et al., 2007) . Therefore, a further screening using the essential oils of clove and thyme at 500 μL/L and 1000 μL/L was done against all seven Fusaria isolates (Table 2) . Total inhibition of all isolates was obtained when the EOs were used at a concentration of 1000 μL/L. The isolate R-9963 was the most resistant strain, with both EOs exhibiting 83-100% inhibitions. Multiple mechanisms could be responsible for such resistance, where the microorganism alters the target site of the antimicrobial agent. Generally, the higher resistance amongst different isolates of the same species is ascribed to complex mechanisms, such as the significant alteration of lipid layers that renders cell membranes almost impermeable to lipophilic compounds (Ghannoum and Rice, 1999; Nazzaro et al., 2013) . However, other mechanisms, including resistance against the inhibition of lanosterol demethylase, a key enzyme in ergosterol biosynthesis, DNA and RNA synthesis or 1,3-ß-glucan synthase have also been reported (Loeffler and Stevens, 2003) .
A large number of research papers published throughout the last decade attest to the antifungal properties of clove and thyme EOs H. splendidum A = Holistic Emporium, Johannesburg RSA, B = Burgess and Finch, Cape Town RS. (Burt, 2004; Pina-Vaz et al., 2004) . It is well known that the phenylpropene, eugenol (4-allyl-2-methoxyphenol), citral and isopropyl cresol are multi-purpose molecules with broad applications in pharmacy, food technologies and agriculture (Burt, 2004; Kamatou et al., 2012) . Therefore, their modes of action are well documented (Burt, 2004) . For example, the lipophilic nature of thymol and eugenol permit the diffusion of these molecules between the fatty acyl chains of cell membranes. This has a profound effect on both permeability and fluidity of cell membranes, resulting in the impairment of ergosterol (Hyldgaard et al., 2012) , in addition to disturbing cell growth and envelope morphogenesis (Sikkema et al., 1995) .
Physical effects of clove and thyme essential oils application on lenses
As the final aim of this study was to obtain a potential sanitizer for contact lenses, proof of concept data on the safety performance of such a product is crucial. The first step towards the acquisition of such data is to assess the potential effect of the oil on the integrity of the contact lenses over time. It is well established that essential oils can affect the structural integrity of some polymers, leading to breakdown, dissolution and release of toxic compounds (Al Kharousi et al., 2014) . In the case of contact lenses, an application of the clove and thyme essential oils at a concentration of 250 μL/L resulted in severe damage (holes and opacity) to the lenses (Table 3) . However, no effects were observed when a concentration of 50 μL/L was applied. Although no scientific papers report on the cytotoxicity of the essential oils on the eye, many books on aromatherapy and on essential oils recommend flushing the eye with a buffer after inadvertent administration of oil into the eye (Tisserand and Young, 2014) . However, at a very low concentration, such as 50 μL/L, limited to no irritation was found by ten lens wearers (Patent, US 5387394 A, 1992). Nonetheless, it is recommended to rinse the lenses with a fresh buffer solution.
Biofilm formation
Microbial biofilm formation by Fusarium on contact lenses has been previously reported by Imamura et al. (2008) . As mentioned by Davies (2003) , a large proportion of human microbial infections are associated with biofilm formation. This ability creates a sheltered environment that facilitates microbial interactions and enhances resistance of biofilm communities to antimicrobial agents. Although there are many reports available regarding the antimicrobial properties of essential oils, few of these focus on the antibiofilm activities of these plant-derived extracts. The antibiofilm activities of clove and thyme EOs against seven Fusarium isolates were therefore investigated using a contact lens matrix as support. Biofilms grown on soft contact lenses were examined by CSLM using Calcofluor-white, a UV-excitable dye that binds cellulose and chitin and has long been used to identify bacterial and fungal biofilms (Cruz et al., 2013; Farber et al., 1995; Harding et al., 2009 ). The ability of bacteria to attach to contact lenses and subsequently form biofilms has long been established (Zegans et al., 2002) . Szczotka-Flynn et al. (2009) also confirmed biofilm formation on silicon hydrogel contact lenses by P. aeruginosa, Serratia marcescens and S. aureus clinical strains, commonly associated with contact lens keratitis and infection. All seven Fusarium isolates investigated in the current study were found to form dense (Isolate S-1187) to limited biofilms with distinct architecture on soft contact lenses. As shown in Fig. 1 , Fusarium hyphae were able to develop on the lenses (Fig. 1A) and even slightly penetrated the polymeric structure (Fig. 1B) . Similar observations have been reported by Imamura et al. (2008) , Ramani and Chaturvedi (2011) and Mukherjee et al. (2012) for Fusarium solani and F. oxysporum on contact lenses. In our study, all Fusarium isolates also formed spores on lenses. Spore formation forms part of a common survival mechanism used by microorganisms and is usually linked to a lack of nutrients on the surface (Neiman, 2005) . It can be concluded that all of the selected Fusarium isolates could be a potential source of contamination of soft contact lenses. Isolate S-1187 was selected as a suitable pathogen for the in vivo determination of the antibiofilm properties of thyme and clove EOs.
Antibiofilm assay
As reported by Imamura et al. (2008) , Szczotka-Flynn et al. (2009) and Wu et al. (2011) , most commercially available contact lens care solutions demonstrate variable antimicrobial activities against bacterial cells grown under planktonic or biofilm conditions. To our knowledge, this is the first report on the use of confocal scanning laser microscopy to evaluate changes in the density of Fusarial biofilms following exposure to thyme and clove oils. As depicted in Fig. 2 (B and D), untreated biofilm of F. oxysporum S-1187 exhibited a dense network of cells with extracellular polymeric matrix after 48 h. Although the concentration of the EOs (50 μL/L) used in this trial was much lower than the minimum concentration of the oil found to be effective in vitro, both EOs significantly inhibited the biofilm formation of isolate S-1187 ( Fig. 2A and 2C ) at this concentration. In addition, no metabolic activity was observed and none of the biofilm matrices were found to be viable, indicating excellent fungicidal activities of the oils tested. Antimicrobial potencies of EOs have been widely investigated through a large number of studies aimed at confirming their potential use to overcome the microbial drug resistance problem (Burt, 2004) . Regarding disinfectant products, numerous plant-derived EOs, such as those from citrus, clove, cypress, Lippia spp, oregano, rosemary and thyme, have been introduced as they have shown potential as antibiofilm agents (Bai and Vittal, 2014; Burt, 2004; Chorianopoulos et al., 2008; Leonard et al., 2010; Selim et al., 2014; Sandasi et al., 2010) . Similarly, good antibiofilm activity against both fungal and bacterial biofilms by terpenes such as thymol (Upadhyay et al., 2014) and eugenol (PerezConesa et al., 2006) has been reported.
Conclusions
This study revealed and reinforced the significance of plant extracts in the development of new, affordable, safe and effective with dual action (antibiofilm and antimicrobial activity) antimicrobial agents. The success of clove and thyme EOs in inhibiting cell attachment by several F. oxysporum isolates, as shown in this study, is a potential tool for reducing microbial colonization on contact lenses. This potency is most probably a result of the high eugenol and thymol contents, respectively, of the two oils. However, as these tests have all been done in vitro, the next logical step is further clinical in vivo investigations to confirm if infection can be inhibited by the EOs, demonstrating the safe use of these oils for the prevention of Fusarial keratitis.
